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Abstract 
Litchi (Litchi chinensis Sonn. cv. Hong Huay) is one of the most economically important fruit products in Thailand, 
especially in the highlands of Chiang Mai where litchi can have natural off-season flowering even during the rainy season 
(June to August). The off-season production of litchi is not a common practice in the region because the physiological responses 
of litchi trees to flower induction techniques are still unclear. Therefore, we aim to use Random Forests (RF) as a tool to 
understand the effects of horticultural techniques on plant hormone dynamic or generative shoot development. A field experiment 
was conducted considering four horticultural treatments, namely (1) control, (2) girdling, (3) foliar spraying with 1% of 
monopotassium phosphate (0-52-34) and ethephon 800 mg/l, and (4) combination of girdling and foliar spraying. The girdling 
was applied at the end of leaf development stage. Foliar spray was applied three times at 7-d intervals from 14 days after girdling. 
Random Forests (RF) was applied to compute the percentage of flowering from plant hormone concentrations observed on 0, 7, 
21, 35, 49, 56 and 63 days after the treatment, and to evaluate variable importance to illustrate physiological responses to 
horticultural treatments. In the field experiment, the three horticultural techniques could induce off-season flowering, while 
untreated trees had no flower, but leaf flushing. The RF model showed fair performance for modelling the percentage of 
flowering. The variable importance illustrated the effects of plant hormones in different tissues (i.e. wood, bark, leaves and apical 
bud) and timing (i.e. sampling dates). The variable importance of the total cytokinins and zeatin/zeatin riboside were observed to 
be high in wood, leaves and apical bud, while the importance of auxin in bark, wood and apical bud was found to be low on day 
35. The RF model could present additional information for a deeper understanding of plant hormone dynamics in plant tissues 
and critical timing required for flower induction, which can be used for better and improved farmers’ management and practices 
in the future. 
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Nomenclature 
CKs Cytokinins 
COR Pearson’s correlation coefficient 
iP/iPA isopentenyladenine/isopentenyladenosine 
msl meter above mean sea level 
RF Random Forests 
RMSE Root means squared error 
Z/Zr zeatin/zeatin riboside 
 
1. Introduction 
 Litchi (Litchi chinensis Sonn.) is a subtropical fruit crop within a Sapindaceae family which has highly 
specific climate requirement and its production area is restricted to only subtropical countries including Thailand. 
Thailand is the fourth largest litchi producer in the world. Widely grown cultivars in the northern region (i.e. Chiang 
Mai, Chiang Rai, Pha-yao and Nan provinces) are ‘Hong Huay’ and ‘Chakapad’ (Menzel, 2002; Office of 
Agricultural Economics Thailand, 2013). There are a lot of mountainous areas in the northern region with elevation 
up to 1,000 msl, where some natural litchi off-season flowering can be observed around June to August which is 
then harvested from December to February. This period is a golden opportunity for highland people to obtain a 
maximum profit as there is a limited amount of fruit brought into the market. However, off-season production is not 
interesting for farmers in this area because of its irregular flowering behaviour and intensive management required 
to ensure flowering. From recent studies, the off-season litchi could be produced by applying horticultural 
techniques such as girdling and foliar spraying (Charoenkit and Sruamsiri, 2011). Moreover, this method could help 
litchi trees to produce early on-season flowering (Thanunchai et al., 2012) and also applied in longan (Thongaon et 
al., 2013). Therefore, the horticultural techniques are used to increase flower induction by considerably reducing 
auxin polar transport and/or thereby reducing auxin concentration (Sanyal and Bangerth, 1997), which may increase 
the CKs concentration in apical bud or in root tissues (Bangerth, 1994; Bangerth et al., 2000; Bangerth, 2009). The 
study applied the exogenous CKs and found that it could promote flower induction in monocarpic plant as well as 
polycarpic plant (Bangerth, 2009). In addition, Werner et al. (2003) confirmed the essentiality of CKs, using a 
transgenic CK-deficient Arabidopsis plants showing no flowering.  
 Thus, it is worth investigating the relationships between plant hormone dynamics and flowering, using a 
process-based modelling approach and a statistical (correlative) modelling approach. Recently, Fukuda et al. (2013, 
2014) used an advanced machine learning method, namely Random Forests (RF) (Breiman, 2001), to estimate 
mango yield and quality. RF is one of the most predictive methods, having ability to determine variable importance, 
ability to model complex interactions among predictor variables and fast computation (Cutler et al., 2007). To the 
best of our knowledge, there is no study that applied RF to estimate the flowering of fruit trees using plant hormones 
as model input. The present study aims to demonstrate the applicability of RF as a tool to assess the effects of 
horticultural techniques on plant hormone dynamics affecting vegetative or generative shoot development. The 
variable important was used for a deeper understanding of plant hormone dynamics for flower induction, which can 
contribute to better and improved farmers’ management practices. 
2. Material and Method 
2.1 Field experiment 
 A field experiment was conducted with 16-year-old litchi trees cv. Hong Huay grown in the highland up to 
1,200 msl in Mae-rim district, Chiang Mai province, Thailand. The experiment was based on a completely 
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randomized design and consisted of 4 treatments: (1) control, (2) girdling, (3) foliar spraying with 1% of 0-52-34 
and ethephon 800 mg/l, and (4) girdling combined with foliar spraying. The litchi trees were girdled at the mature 
leaf stage (day 0), followed by foliar spraying on 14 days after girdling for 3 times at 7-day intervals. As a result, all 
treated trees could promote flowering at 63 days after girdling. Girdling combined with foliar spraying resulted in 
the highest percentage, while control treatment did not flower at all (Table 1). 
Table 1 The effect of horticultural techniques on the percentage of off-season flowering  
Treatments 
Percentage of flowering 
Maximum Mean Minimum 
1) Control     0.00   0.00r  0.00   0.00 
2) Girdling 100.00 75.90r13.81 43.75 
3) Foliar spraying  90.00 46.26r33.12   0.00 
4) Girdling + Foliar spraying 100.00 92.41r  7.10 80.00 
2.2 Plant hormones analysis 
 Eighty litchi leaf component (apical bud, leaves and internode) were collected at 0, 7, 21, 35, 49, 56 and 63 
days after girdling. All plant samples were immediately frozen in liquid nitrogen and then freeze dried at average 
55 to 60 °C before analyzing by using radioimmunoassay method (RIA) as described by Bohner and Bangerth 
(1998) and Srigarm (2008). In this study, plant hormones were separated into 2 types, namely 1) auxin and 2) CKs 
including the active CKs such as iP/iPA and Z/Zr. The determinations of plant hormones were carried out at the 
Institute for Special Crop Cultivation and Crop Physiology, the University of Hohenhiem, Stuttgart, Germany.  
2.3 Random Forests and Model application  
 RF fits many regression trees to a data set and then combines the predictions from the entire tree (Cutler et 
al., 2007). The algorithm begins with the selection of many bootstrap samples from the data. A regression tree is fit 
to each of the bootstrap samples, but at each node, only a small number of randomly selected variables are used for 
binary partitioning. The trees are fully grown, and each is used to predict out-of-bag observations. The predicted 
value of an observation is calculated by averaging in case of a regression problem. One important feature of RF is 
the availability of measures to assess the importance of each variable. 
 We used the randomForest package (Liaw and Wiener, 2002) in the R software (R Development Core 
Team, 2013). The modelling process with the default setting in RF was repeated twenty times using different sets of 
initial conditions (i.e., random seed) in order to evaluate model variability. 
 In this study, six RF models (2 full models and 4 individual models) with different plant hormone 
concentration as input data were developed; 1) auxin-CKs and 2) iP/iPA-Z/Zr as full models, 3) auxin, 4) CKs, 5) 
iP/iPA and 6) Z/Zr as individual models. The model performance was assessed using Pearson’s correlation 
coefficient (COR) and root mean squared error (RMSE) between the observed and modelled data. 
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where Yo,i and Ym,i are the observed and modelled the percentage of flowering for the data point i (=1, 2, …, N) and N 
is the size of the data set. The COR value ranges from 1 to 1, of which a COR value of 1 indicates a strong 
positive correlation between the observed and modelled data. The RMSE was used as a performance measure on the 
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same scale of interest here (i.e., percentage of flowering). The variable importance computed in the RF calculation 
was used to evaluate the importance of plant hormone dynamics and timing after application.     
3. Result and Discussion 
3.1 Model performance 
 The RF models were able to link the percentage of off-season flowering to each of the plant hormone 
concentrations during flower induction of litchi trees. The model performance of the auxin-CKs and iP/iPA-Z/Zr 
models showed good agreement between observed and modelled data (Fig. 1), supported by the strong linear 
relationships with the COR values in Table 2. Relatively large RMSE of 15% may be due to one of the observed 
trees with foliar spraying which was not flowering (Fig. 1 and Tables 2 and 3). In this study, all six RF models 
showed nearly the same accuracy and there was no difference between these models. This may be partly because the 
initial data set was too small to explain flower induction processes for the observation data.      
 
Fig. 1. Relationship between observed and modelled data: (a) auxin-CKs full model and (b) iP/iPA-Z/Zr full model.  
Table 2 Model performance of the Random Forests: full models developed for estimating the percentage of off-
season flowering based on plant hormone concentration data sets.  
Performance measure 
Full Model 
Auxin-CKs iP/iPA-Z/Zr 
COR   0.92±0.00  0.92±0.00 
RMSE 14.95±0.01 14.95±0.01 
Table 3 Model performance of the Random Forests; individual models developed for estimating the percentage of 
off-season flowering based on plant hormone concentration data sets.  
Performance measure 
Individual Model 
Auxin CKs iP/iPA Z/Zr 
COR   0.92±0.00   0.92±0.00   0.92±0.00   0.92±0.00 
RMSE 14.95±0.01 14.95±0.01 14.95±0.01 14.95±0.01 
3.2 Variable importance 
 The variable importance of the RF models illustrates the important plant hormones and timing after 
treatment in each plant tissues. Regarding the models of CKs and auxin, full and individual models showed the same 
important timing (Fig. 2). For example, results from auxin-CKs model illustrated that CKs may be important on 
days 21 and 56 in bark compared to other dates (Figs. 2a, 2i). Moreover, in wood, the CKs concentration was more 
important on days 35 and 63 (Figs. 2b, 2j). In litchi leaves, CKs concentration on days 21 to 49 and 63 was more 
important than other dates (Figs. 2c, 2k). Similarly, CKs concentration in apical bud was important on days 35 and 
63 (Figs. 2d, 2m).   
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 In the case of auxin in bark, only day 7 was more important than other dates (Figs. 2a, 2e). The auxin 
concentration in wood seems to be important during the beginning (day 7) and the last period (days 4963) (Figs. 
2b, 2f). Similarly in leaves, auxin was important at the beginning (day 0), middle (day 35) and the last period (day 
63) (Fig. 2c, 2g). Auxin in apical bud appeared to be more important only on day 21 as compared to other dates 
(Figs. 2d, 2h). 
 
Fig. 2. Variable importance evaluated in the Random Forests computation for the percentage of off-season 
flowering: (a-d) auxin-CKs model, (i-m) CKs model and (e-h) Auxin model. Data shown are meanrstandard 
deviation values of variable importance in different tissues (bark, wood, leave and apical bud) and timing since 
applying to flowering (0 to 63 days after treatments) 
 For the endogenous CKs, iP/iPA and Z/Zr play a significant role in fruit trees during the flower induction 
period. The results of iP/iPA-Z/Zr model showed that the iP/iPA concentrations in bark, wood and leaves were more 
important from days 3563 as compared to other dates (Figs. 3a3c). Exceptionally, the iP/iPA concentration in 
apical bud was highly important only on day 56 (Fig. 3d). Moreover, the variable importance of Z/Zr in the iP/iPA-
Z/Zr model showed different important timing in different plant tissues. In bark, Z/Zr concentration seems to be 
important on days 21 and 56 (Fig. 3a), while the concentration was important on day 35 in wood (Fig. 3b). Result of 
Z/Zr concentration in leaves showed the variable important on days 7, 49 and 63 (Fig. 3c). In addition, Z/Zr was 
more important in apical bud on days 7 and 3549 (Fig. 3d). However, the variable importance of individual models 
(iP/iPA model and Z/Zr model) showed similar results as shown in the full model (Figs. 3i3m and 3e3h). 
 As a summary of variable importance assessment (see Fig. 4 for an example), we can obtain primary 
knowledge on the relationships between the off-season flowering and plant hormone concentration after application 
of the horticultural techniques during the flower induction period. The six RF models showed relatively high 
accuracy between the observed and modelled data (Tables 2 and 3, and Fig. 1) and that all plant hormone, namely 
auxin, CKs, iP/iPA and Z/Zr, were important for estimating the off-season flowering in litchi. However, in this 
study, it was difficult to confirm the exact timing that is important for flowering because it was dependent of plant 
tissues likes bark, wood, leaves and apical bud. Bajguz and Piotrowska (2009) reported that auxin and CKs play a 
crucial role in various phases of plant growth and development, including control of many central developmental 
processes in plants, particularly in apical bud meristem and root then translocation via xylem and phloem. In Fig. 4, 
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CKs concentration was important for litchi flowering during days 35 and 63, while auxin concentration was also 
important in the beginning and last periods. In the field experiment, off-season flower panicle was found on day 63. 
It may be possible that, on day 35, CKs was important for flower bud induction as well as for flower bud 
development. Chen (1991) reported that increases in the CKs-like activity occurred at flower bud initiation in litchi. 
Thus, CKs is important for flowering. Auxin is also important for cell enlargement, division, and differentiation 
during flower bud development (Bajguz and Piotrowska, 2009), while auxin is usually affecting vegetative growth.  
 More specifically, the iP/iPa-Z/Zr model could visualize that iP/iPA was important during day 3563, 
especially in bark and leaves, except in apical bud which showed important only at day 56. From the previous 
research, iP/iPA is precursor of Z/Zr which strongly increases in leaves then transport to apical bud via phloem 
(bark) and change into Z/Zr in apical bud (Sringarm et al., 2009). Therefore, Z/Zr can be more important than 
iP/iPA in apical bud (Fig. 4). Bangerth (2009) reported that leaves may not be needed to provide CKs themselves 
but rather to facilitate Z/Zr synthesis and transport into apical bud, which may be seen in the variable importance 
results (Figs. 3 and 4). From Figs. 3ab, 3ij, 3ef and 4, it can be interpreted that both types of CKs in bark 
(phloem) and wood (xylem) were present, of which the Z/Zr was mainly translocated in xylem and the iP/iPA was 
mobilized in phloem. In this study, both of them were found in vascular cambium because they are a mobile class of 
phytohormones which is likely in the higher plants that have import and export systems between cells across the 
plasma membrane (Cedzich et al. 2008; Hirose et al. 2008; Kudo et al., 2010).  
 
Fig. 3. Variable importance evaluated in the Random Forests computation for the percentage of off-season 
flowering: (a-d) iP/iPA-Z/Zr model, (i-m) iP/iPA model and (e-h) Z/Zr model. Data shown are meanrstandard 
deviation values of variable importance in different tissues (bark, wood, leave and apical bud) and timing from the 
first treatment to flowering (0 to 63 days after treatments) 
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Fig. 4. Summary of important timing after the application of horticultural techniques for each plant tissue: (a) auxin-
CKs full model and (b) iP/iPA-Z/Zr full model. 
4. Conclusion 
 This study has shown that RF models could accurately estimate the off-season flowering in litchi based on 
plant hormone parameters. The variable importance computed in the RF calculation revealed that not only CKs have 
a significant role for flower induction and flower development, but auxin, which in general stimulates leaf flushing, 
is also important in this period. It is, however, difficult to specify the important timing of plant hormone dynamics in 
different plant tissues for flower induction. Further study is needed to investigate the relative importance of plant 
tissues on plant hormones accumulation for precisely evaluating off-season flowering in litchi.   
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